Background: Intrahepatic pedicle ligation (IPL) is an alternative to extrahepatic portal dissection (EPD).
Introduction
During hemi-hepatectomy, vascular inflow control is a critical step for which several different techniques have been described. 1 In the 1950s, the technique of extrahepatic portal dissection (EPD), prior to parenchymal division, became common practice. 2 This consists of the dissection and ligation of the ipsilateral hepatic artery and portal vein within the hilus of the liver. This extrahepatic technique is still commonly employed today, with division of the inflow being performed with stapling devices or suture ligation. Control of the bile duct can be performed either in the hilus at the time of vascular ligation, or within the liver during transection of the hepatic parenchyma.
The technique of intrahepatic vascular inflow control was first reported by Couinaud, 1 and Launois and Jamieson. 7, 8 It is based on the fact that the structures of the portal triad invaginate Glisson's capsule and enter the liver parenchyma together as a pedicle. Thus, within the liver all three structures of the porta are contained within a well-formed sheath (pedicle), which can be isolated and divided en masse. Herein, this technique is referred to as intrahepatic pedicle ligation (IPL). Outside the liver, no wellcharacterized sheath exists and therefore the structures are isolated and divided individually. The technique of IPL can be performed using either of two different approaches. 7, 8 In the posterior approach, hepatotomies are created anterior and posterior to the hilus on the side of resection. An instrument or finger is then used to isolate the pedicle. In the anterior approach, the hepatic parenchyma is initially divided from anterior to posterior until the pedicle is identified. The pedicle is then isolated within the liver. Although the technique has been well described, concern has been raised over the possibility of increased complication rates with IPL, particularly of bile leaks. 9 The aims of this study were to analyse factors associated with the selection of either inflow control technique and to evaluate the differences in postoperative outcomes between patients undergoing IPL and EPD, respectively, in a high-volume tertiary centre.
Materials and methods
A retrospective search of the prospectively maintained hepatopancreatobiliary database at Memorial Sloan-Kettering Cancer Center (MSKCC) was carried out to identify patients who underwent hemi-hepatectomy between January 1995 and December 2010. Permission to study these patients was granted by the MSKCC Institutional Review Board according to the institution's policy for protected health information. Patients who were treated for bile duct cancer or bile duct stricture, and those who underwent a bile duct resection for any reason were excluded. Patients who had undergone a formal trisegmentectomy were also excluded. This search strategy identified 848 patients who had undergone a hemi-hepatectomy. A review of operative notes was performed to determine the technique used for vascular inflow ligation; in 826 of the 848 patients (97.4%) the specific technique used for inflow control could be determined. Of these 826 patients, 28 were excluded because a mixed approach (IPL combined with EPD) to inflow control had been taken. This left 798 patients in the study population. To assess changes over time, the cohort was split according to date of operation into two groups defined by 8-year time periods (1995-2002 and 2003-2010) .
The technique used for vascular inflow control was categorized as either IPL or EPD. Patients operated on with EPD control underwent EPD and ligation of the ipsilateral arterial and portal venous branches within the hilus of the liver, with division of the bile duct either in the hilus or within the liver parenchyma. In general, the latter strategy was the preferred approach. Ligation of the vessels was performed either with suture ligation or using a vascular stapler. The technique for IPL has been previously described in detail. 7, 8, 10 The intrahepatic isolation of the portal pedicle was achieved through either the anterior or posterior approach as described herein. Pedicle transection was performed with a vascular stapler or by clamping and suturing, or with a combination of both.
Patient-and tumour-related variables were analysed to identify selection factors associated with the use of IPL and EPD, respectively. Patient-related factors analysed included age, gender, coexistent comorbidities (presence of any cardiac disease, diabetes or chronic obstructive pulmonary disease, and each individually), and the pathologic status of the hepatic parenchyma. Tumourrelated factors included the location, number, size and preoperative diagnosis of tumours. Treatment-related factors included the side of resection, preoperative portal vein embolization (PVE), and whether additional hepatic or extrahepatic procedures were performed. Outcome variables included estimated blood loss (EBL), Pringle manoeuvre time, operative time, margin status, complications, grade of complications, length of hospital stay (LoS), intensive care unit (ICU) admission, hospital readmission, blood product transfusion rate, and the rate of fluid and/or bile collections requiring drainage. The margin was defined as negative (R0) when tumour was histologically found to be Ն1 mm from the cut surface. The presence of tumour cells within 1 mm of the cut surface was considered to indicate a positive margin.
Postoperative complications were graded on a scale of 1-5 according to a previously published and validated grading system as follows: grade 0, no complication; grade 1, complications requiring the administration of oral antibiotics, bowel rest, basic monitoring or supportive care; grade 2, complications requiring the administration of i.v. antibiotics, total parenteral nutrition, transfusions, arrhythmia treated with i.v. medication, chest tube insertion; grade 3, complications requiring interventional radiology drainage, operative drainage, ICU admission, intubation, pacemaker placement, bronchoscopy; grade 4, complications resulting in chronic disability, organ resection, enteral diversion, and grade 5, complications resulting in death. 11 Univariate associations between selected factors and inflow control approach were assessed using chi-square tests for categorical covariates and Wilcoxon rank-sum tests for continuous covariates, except for preoperative laboratory data, which were compared using t-tests. The Cochrane-Armitage trend test was used to compare the number of units of blood transfused between EPD and IPL patients using the following categories: 0 units; 1-3 units; 4-6 units, and >6 units. In addition to the comparison of complication rates between the two groups (chi-squared test), differences in the severity of complications were compared (on an ordinal scale with six levels: no complications, grades 1-5) using the Cochrane-Armitage trend test.
Factors that were significant on univariate analysis were put into a multivariate logistic regression model with a random surgeon effect, and backward elimination was used to obtain the final model. This was carried out to avoid the bias of single-surgeon personal preferences in the multivariate model. For the multivariate model, largest tumour size was logtransformed. All statistical tests were two-sided and P-values of < 0.05 were considered to indicate statistical significance. Statistical analyses were performed in sas Version 9.2 (SAS Institute, Inc., Cary, NC, USA) and R Version 2.11.1 (R Foundation for Statistical Computing, Vienna, Austria). The percentage of surgeries performed over time using each litigation technique (EPD with intrahepatic control of the bile duct, EPD with extrahepatic control of the bile duct, anterior IPL, posterior IPL) was graphed using Excel 2007. Table 1 details the factors associated with the type of inflow control. In univariate analysis, the use of IPL was significantly associated with right hepatectomy, individual surgeon, a preoperative diagnosis of metastatic colorectal cancer, PVE and small tumour size. In multivariate analysis, the only two factors independently associated with the use of IPL were right hepatectomy [hazard ratio (HR) 3.88, 95% confidence interval (CI) 1.15-13.14; P = 0.029] and smaller tumour size (5.5 cm in EPD versus 4.5 cm in IPL) (for a 1-cm decrease in tumour size: HR 1.39, 95% CI 1.14-1.69; P = 0.002).
Results

Factors associated with inflow control approach
Perioperative outcome Demographics, and intraoperative and postoperative results in the 798 patients who underwent EPD or IPL are detailed in Table 2 .
Of the intraoperative outcomes, the only factor that significantly differed between the two groups was the median Pringle manoeuvre time (40 min in IPL versus 29 min in EPD; P < 0.001). The use of IPL was significantly associated with a higher rate of transfusion (P = 0.002) although EBL (P = 0.684) and red blood cell transfusions (P = 0.189) were similar between the groups. This result probably reflects a significantly higher rate of fresh frozen plasma transfusions associated with IPL (39.2% in IPL versus 25.8% in EPD; P < 0.001). The rate of postoperative complications was similar between the IPL and EPD groups (P = 0.706). The overall 90-day mortality rate was 2.3% and did not vary significantly between the groups.
Comparison of the approach to the bile duct during EPD and to the pedicle during IPL A further analysis of the different techniques utilized to control the bile duct during EPD (intra-or extrahepatic) and the different approaches to the pedicle (posterior or anterior) during IPL is shown in Table 3 . Side of resection was significantly associated with the choice of approach in both groups. Pringle manoeuvre time was longer in operations utilizing IPL compared with those using EPD (see above); within IPL operations, it was significantly longer in the posterior approach compared with the anterior. Moreover, the IPL anterior approach was significantly associated with a higher EBL compared with the posterior approach. There was no difference in operating time or complications according to approach within either inflow technique group.
Right hepatectomy A subanalysis of the 568 patients who underwent right hepatectomy was conducted. Extrahepatic portal dissection and IPL were used in 30.5% (n = 173) and 69.5% (n = 395) of the operations, respectively. In univariate analysis, individual surgeon (P < 0.001), a diagnosis of metastatic colorectal cancer (P = 0.002), preoperative PVE (16.2% in the IPL group versus 6.4% in the EPD group; P < 0.001), and smaller tumour size (4.1 cm in the IPL group versus 6.0 cm in the EPD group; P < 0.001) were associated with IPL. The IPL technique was also associated with a longer Pringle manoeuvre time (median: 40 min versus 30 min; P < 0.001) and a shorter operative time (median: 250 min versus 267 min; P = 0.020). There was no difference in EBL, margin positivity or complication rates between the two techniques.
Left hepatectomy
In the 230 patients who underwent left hepatectomy, IPL and EPD were used in 37.0% (n = 85) and 63.0% (n = 145) of patients, respectively. In univariate analysis, individual surgeon (P < 0.001) and longer Pringle manoeuvre time (median: 42 min in IPL versus 25 min in EPD; P < 0.001) were the only factors associated with IPL. There was no difference in operating room time, EBL, margin positivity or complication rates between the two techniques in this subset. Of note, unlike the other surgical subset, tumour size in this group was not associated with the technique used for inflow control.
Changes over time
The evolution over time of patient characteristics, techniques and operative outcomes during the 15-year study period is depicted in Table 4 . Factors significantly associated with the more recent period were an increase in left hepatectomies (P = 0.002), a decrease in EBL (P < 0.001), a decrease in blood transfusion requirement (P = 0.009), and a shorter LoS (P = 0.017). A higher rate of complications was seen (P = 0.014) in the later period. More complex surgical procedures were also associated with the second timeframe: more patients underwent repeated liver surgery (P < 0.001) or simultaneous liver resections (P < 0.001). Furthermore, in the later period, a significant change was seen in surgical technique (P < 0.001), mostly accounted for by an increase in the use of the anterior approach in IPL (Fig. 1) .
Discussion
Over the past two decades, there have been significant reductions in morbidity and mortality following hepatic resection, with major centres now reporting mortality rates of 3-5%. [12] [13] [14] Although the reasons for these improvements in outcome are multifactorial, advances in both the understanding of hepatic anatomy and operative technique are thought to have played pivotal roles. One technical aspect of hepatic resection that has undergone significant evolution is vascular inflow control. This evolution has been secondary to advances in technique that are direct results of the improved understanding of hepatic anatomy. The concept of vascular inflow control with digital compression was initially reported by J. Hogarth Pringle in 1908. 15 In the 1950s, the use of extrahepatic arterial and portal venous ligation prior to parenchymal transection became common practice. 2 Control of the bile duct using this technique can be performed either outside the liver or within the liver parenchyma. The technique of IPL is an alternative to EPD that was first reported in the 1980s. 16 Since this description, many surgeons have felt that the en masse transection of the pedicle for inflow control would decrease the time required for dissection and decrease the risk for injury to contralateral biliary or vascular structures, 17 although an increase in bile leaks during left hepatectomy using IPL has been reported. Extrahepatic BD extra, extrahepatic dissection with extrahepatic control of the bile duct; Extrahepatic BD intra, extrahepatic dissection with intrahepatic control of the bile duct; EBL, estimated blood loss. The first large series of patients to undergo IPL during hemihepatectomy was reported by Launois and Jamieson in 1992. 8 In this series, 70 patients underwent hepatic resection with vascular inflow control achieved using IPL. The authors concluded that IPL was a safe technique that resulted in decreased operative blood loss. 8 The first direct comparison between EPD and IPL was reported from Japan by Nakai et al. in 1999. 9 In this study of 90 patients, the only difference shown between the two techniques was a higher rate of postoperative bile leak in the IPL group (23% versus 7%; P = 0.03), with most of the leaks occurring in patients who had undergone left hepatectomy. 9 A subsequent prospective randomized trial did not show any differences in safety or effectiveness between the two techniques. Specifically, there was no difference in postoperative morbidity or bile leakage. The trial was, however, constrained by small numbers of patients and limited statistical power. 18 The present study of 798 patients undergoing right or left hepatectomy was conducted to evaluate potential differences in postoperative outcomes between patients undergoing IPL and EPD, respectively, in a high-volume tertiary centre, to verify the safety of IPL and to identify factors associated with the selection of technique at one institution.
Among patients undergoing hemi-hepatectomy with IPL, the overall complication rate was 49.8%. Sixty-six (13.8%) patients developed a postoperative fluid collection that required drainage and 27 (5.7%) patients developed a postoperative biloma requiring drainage. These results were similar to those in patients undergoing EPD and are comparable with complication rates reported in the literature. 12, [19] [20] [21] Operative outcome variables, such as occurrence of major complications, operative time and EBL, were also similar between the groups. Patients who underwent IPL, on average, required longer times for the Pringle manoeuvre compared with patients undergoing EPD (40 min versus 29 min; P < 0.001). These results are not surprising because, in both the anterior and posterior approaches in IPL, the Pringle manoeuvre may be used during the isolation and division of the pedicle.
In this study, patients who underwent EPD had tumours that were significantly larger than those in patients who underwent IPL (4.5 cm in the IPL group versus 5.5 cm in the EPD group; P < 0.001). Tumour size was independently associated with the choice of technique. This may be related to tumour proximity to the porta hepatis, in which the IPL approach may have had a high risk for a positive margin. The other factor independently associated with the choice of inflow control technique was the side of the liver undergoing resection. Patients undergoing right hepatectomy were more likely to undergo IPL than those undergoing left hepatectomy (69.5% of patients undergoing right hepatectomy and 37.0% of those undergoing left hepatectomy underwent IPL). This may be explained by the long extrahepatic course of the left portal structures and the relative ease of extrahepatic dissection. In addition, as Nakai et al. noted, 9 drainage of the right posterior sectoral ducts into the main left hepatic ductal system may occur and this aberrant anatomy is at risk for injury during IPL. 17 Results of the subanalyses performed in the right and left hepatectomy subgroups did not significantly differ from those for the whole cohort, although a few differences emerged. The impact of tumour size in the choice of approach was also significant in the analysis of the subgroup of patients who underwent a right hepatectomy. Tumour size, however, was not significantly associated with the approach in the left hepatectomy subgroup. Of note, among the operative factors, in the right hepatectomy subgroup, operative time was significantly shorter during IPL than during EPD.
Over time, there has been a significant change in the degree of complexity associated with surgical procedures. More patients now undergo repeat liver surgery or other liver resections or ablation at the time of hemi-hepatectomy. This may explain the higher rate of complications seen in the more recent period of the study. Surgical technique also changed, mainly in terms of the increased use of IPL with an anterior approach. This may reflect an increase in the number of patients who have had prior liver surgery, in whom resulting adhesions in the hepatic hilus make individual vessel dissection more difficult.
In summary, patients were more likely to undergo IPL during a right hepatectomy for smaller tumours, and IPL was not associated with an increased rate of postoperative complications. In the setting of smaller, peripherally located tumours, IPL is a safe and effective method of gaining vascular inflow control.
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